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ABSTRACT
Aims. The aim of this work is to identify He II emitters at 2 < z < 4.6 and to constrain the source of the hard ionizing continuum that
powers the He II emission.
Methods. We assembled a sample of 277 galaxies with a highly reliable spectroscopic redshift at 2 < z < 4.6 from the VIMOS-VLT
Deep Survey (VVDS) Deep and Ultra-Deep data, and we identified 39 He II λ1640 emitters. We studied their spectral properties, mea-
suring the fluxes, equivalent widths (EW), and Full Width at Half Maximum (FWHM) for most relevant lines, including He II λ1640,
Lyα line, Si II λ1527, and C IV λ1549.
Results. About 10% of galaxies at z ∼ 3 and iAB ≤ 24.75 show He II in emission, with rest frame equivalent widths EW0 ∼1 – 7Å,
equally distributed between galaxies with Lyα in emission or in absorption. We find 11 (3.9% of the global population) reliable He II
emitters with unresolved He II lines (FWHM0 < 1200km/s), 13 (4.6% of the global population) reliable emitters with broad He II
emission (FWHM0 > 1200km/s), 3 Active Galactic Nuclei (AGN), and an additional 12 possible He II emitters. The properties of the
individual broad emitters are in agreement with expectations from a Wolf-Rayet (W-R) model. Instead, the properties of the narrow
emitters are not compatible with this model, nor with predictions of gravitational cooling radiation produced by gas accretion, unless
this is severely underestimated by current models by more than two orders of magnitude. Rather, we find that the EW of the narrow
He II line emitters are in agreement with expectations for a Population III (PopIII) star formation, if the episode of star formation is
continuous, and we calculate that a PopIII Star Formation Rate (SFR) of 0.1 – 10 M⊙yr−1 alone is enough to sustain the observed
He II flux.
Conclusions. We conclude that narrow He II emitters are powered either by the ionizing flux from a stellar population rare at z ∼ 0
but much more common at z ∼ 3, or by PopIII star formation. As proposed by Tornatore and collaborators, incomplete Inter Stellar
Medium (ISM) mixing may leave some small pockets of pristine gas at the periphery of galaxies from which PopIII may form, even
down to z ∼ 2 or lower. If this interpretation is correct, we measure at z ∼ 3 a Star Formation Rate Density (SFRD) in PopIII stars of
10−6 M⊙yr−1 Mpc−3, higher than, but qualitatively comparable to the value predicted by Tornatore and collaborators.
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1. Introduction
Understanding the early phases of star formation in the
Universe is a major topic of recent astrophysical investiga-
tion. In particular, despite the growing size of galaxy sam-
ples at z > 5 – 8, selected either through the Lyman-break
technique (e.g. Bouwens et al. 2007; Bouwens et al. 2008;
Bouwens et al. 2010; McLure et al. 2011) or via strong Lyα
emission detected in narrow band filters (Hu et al. 2004;
Tapken et al. 2006; Murayama et al. 2007; Hibon et al. 2010;
Hibon et al. 2012), some of which have spectroscopic con-
firmation (Vanzella et al. 2009; Capak et al. 2011; Curtis-
Lake et al. 2012; Schenker et al. 2012), the population responsi-
ble for the reionization of the Universe at this epoch has not been
identified yet. In this respect, zero metallicity stars and/or proto-
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galaxies, which should be the first structures formed in the life of
the Universe and whose role in ionizing the Universe is predicted
to be very important, have not been identified yet. The first pop-
ulation of stars formed from the pristine gas during the reioniza-
tion is the so-called Population III (hereafter Pop III). This popu-
lation is predicted to be of extremely low metallicity and to pro-
duce strong UV ionizing continuum (Tumlinson & Shull 2000;
Schaerer 2002). No evidence for Pop-III stars has been found
so far. Moreover, despite the high efficiency of the cold mode
gas accretion in cosmological simulation (Keres et al. 2005,
Dekel et al. 2009), which may be enough to sustain the ob-
served rapid increase of the Star Formation Rate Density (SFRD)
of the Universe between z ∼ 8 and z ∼ 2, scarce evidence
for gas infalling onto an overdensity has been reported so far.
Steidel et al. (2010) found only partial evidence of inflow around
galaxies at z ∼ 2; Cresci et al. (2010) claimed that the inverted
metallicity gradient observed in z∼ 3 galaxies could be due to
cold flows; Giavalisco et al. (2011) detected cold gas around
z∼ 1.6 galaxies that is possibly infalling into an overdensity.
Coincidently, the footprint of both PopIII star formation
and gas cooling during gravitational accretion is the presence
of Lyαλ 1216 and He II λ 1640 emission lines in the spec-
tra of the sources. Dual Lyαλ 1216 and He II λ 1640 emitters
have been proposed by various authors as candidates hosting
PopIII star formation (Tumlinson et al. 2001; Schaerer 2003;
Raiter, Schaerer & Fosbury 2010). In Pop III star formation re-
gions, where an extreme top-heavy initial mass function (IMF)
is expected, very massive stars with high effective temperatures
are formed. These stars, unlike normal PopII and PopI stars, pro-
duce photons shorter by λ = 228Å that can ionize He+. In a
region with primeval composition and in the absence of other
metals, the H and He lines become the dominant line coolant
for the gas, and thus the gas emits strong Lyα + He II emis-
sion. On the other hand, Fardal et al. (2001) showed that the
pristine gas recently accreted onto an overdensity cools down
and emits hydrogen or helium line radiation; Yang et al. (2006)
claimed that dual Lyαλ 1216 and He II λ 1640 can be used to
trace the infall of pristine gas onto an overdensity. If the ac-
cretion mode is cold, as predicted by many theoretical studies
(Fardal et al. 2001; Keres et al. 2005), the gas temperature is be-
low the halo virial temperature, reaching T ∼ 105K; if the gas is
pristine (zero metallicity), H and He lines are the most efficient
gas coolants, and thus Lyαλ 1216 and He II λ 1640 emission is
produced.
Strong Lyα+He II emission lines are commonly found
in other astrophysical objects, such as W-R stars, AGN, and
supernovae driven winds. However, several diagnostics can
be used to distinguish cooling radiation and PopIII star for-
mation from these other mechanisms: AGN, W-R stars and
emitters powered by supernovae driven winds typically show
other emission lines in their spectra, such as C III and C IV
(Reuland et al. 2007; Leitherer et al. 1996; Allen et al. 2008).
Moreover, W-R stars are associated with strong winds, and thus
produce broad emission lines (a few 1000 km/s, Schaerer 2003).
Brinchmann, Pettini & Charlot (2008) showed that the broad
He II emission detected in the composite spectrum of z ∼ 3
galaxies by Shapley et al. (2003) can indeed be reproduced by
W-R models. In W-R galaxies, or young star clusters with heavy
star formation, He II emission may be observed in either a W-R
stellar mode and broadened by the W-R winds, or in a nebular
narrow-line mode as the strong UV emission from these stars
photoionizes the surronding medium (Kudritzki 2002). Nebular
He II emission also appears in some star forming regions in
which the source of ionisation is not clearly identified as W-
R or O stars, but this is a rare event in the local universe
(Kehrig et al. 2011).
Unfortunately, no direct diagnostics can be used to distin-
guish between some extreme PopI populations, PopIII, or cool-
ing radiation, to explain He II λ 1640 emission; rather, only in-
direct inference can be used to discriminate these possibilities.
Schaerer et al. (2003) predicted that a PopIII region forming stars
at a rate of 1 M⊙yr−1, dependent on the IMF (top-heavy or less
extreme) and the metallicity (0 < Z < 10−5), will produce He II
luminosities between ∼ 1.5 × 1039 and ∼ 5 × 1041 erg/s. On the
other hand, Yang et al. (2006) predicted that pristine gas infalling
into overdensities at z ∼2 – 3 would produce similar He II lumi-
nosities, between ∼ 1 × 1040 and ∼ 1 × 1041 erg/s. In principle,
the two mechanisms predict different LLyα/LHe II ratios: around
∼ 100 for the PopIII regions and around ∼ 10 for the cooling
radiation. However, since Lyα, unlike He II, is a resonant line
with a large cross section, the observed Lyα emission depends
on various aspects such as the geometry of the system, its dy-
namical state, or the presence of dust. The combination of these
effects results in an average escape fraction fesc of the Lyα pho-
tons around 10% at 2 < z < 4 (Hayes et al. 2011). However, in-
dividual galaxies at those redshift show fesc values that fluctuate
significantly around the average value. As a result, the observed
ratio LLyα/LHe II can be very different from the intrinsic one and
thus can not be used as a diagnostics.
The quest for Population III stars or gravitational cool-
ing emission at high-z has so far been quite unproductive.
Searches of dual Lyα+He II emitters beyond z ∼ 5 are dif-
ficult, as the He II λ 1640 line is redshifted in the near in-
frared: Nagao et al. (2005) found no He II in a deep near-
infrared spectroscopic observation of a strong Lyα emitter at
z=6.6. New multi-object high-performance near-infrared spec-
trographs coming online in the next months will give new in-
sights into this aspect.
Several studies at z ∼ 4 – 5 have identified objects with ex-
tremely large Lyα equivalent widths (EW0 >250Å ), that are ex-
pected in the case of a top-heavy IMF, a very young age (< 107
yrs) and/or a very low metallicity (Malhotra&Rhoads 2002;
Shimasaku et al. 2006). However, there was no evidence for
He II in emission in these galaxies, either in individual or in
stacked spectra. A dedicated survey for dual Lyα+He II emitters
at z ∼ 4− 5 (Nagao et al. 2008) found no convincing candidates.
Searches of zero metallicity objects at lower redshift
where observations should be easier in principle have to
face the question whether significant PopIII star forma-
tion is expected to take place at these low redshifts.
Tornatore, Ferrara, and Schneider (2007) showed that Population
III star formation continues down to z ∼ 2.5 because of
inefficient heavy element transport by outflows, that leaves
pockets of pristine gas untouched in the periphery of col-
lapsed structures. Population III stars can form in these
pokets, even if at a rate 104 times slower than PopII.
Fumagalli, O’Meara, & Prochaska (2011) detected two gas
clouds with primordial composition (Z< 10−4) at redshift z∼ 3.
Motivated by these predictions, some authors succeeded in
identifying 1.5 < z < 3 Lyα+He II emitters, but none could
unambiguously conclude which powerful source of ionization
produced these emission lines. Prescott, Dey & Jannuzi (2009)
discovered a Lyα nebula at z ∼ 1.67, and they concluded that
W-R stars or shocks could not be the sources of ionization.
Scarlata et al. (2009) studied in great detail an extended Lyα
blob at z ∼ 2.38, but could not determine whether the source of
Lyα+He II emission is an AGN or instead cooling radiation.
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The aim of this paper is to look for He II emitters in the
VIMOS VLT Deep Survey (VVDS) Deep and Ultra-Deep data
at 2 < z < 4.6, measuring how frequent they are. The VVDS
provides a large unbiased i-band magnitude-selected spectro-
scopic sample of galaxies with measured redshifts (Le Fe`vre et
al., 2005, and Le Fe`vre et al., 2013, in prep.), offering an excel-
lent basis to perform a census of He II emitters. On the galaxies
with He II detection, we measure their properties such as line
fluxes, equivalent width and line width in an attempt to constrain
the mechanisms powering the emission.
Throughout the paper, we use a standard Cosmology with
ΩM = 0.3, ΩΛ = 0.7, and h = 0.7. In Sect. 2 we present the ob-
servations; in Sect. 3 we introduce the sample of He II emitters;
in Sect. 4 we analyze the main mechanisms that can produce
He II emission and we compare them with the properties of our
sample; in Sect. 5 we discuss our results; and in Sect. 6 we draw
our conclusions.
2. Observations
2.1. Spectroscopy
The VVDS has exploited the high multiplex capabilities of
the VIMOS instrument on the ESO-VLT (Le Fe`vre et al.,
2003) to collect more than 35000 spectra of galaxies between
z ∼0 and z ∼ 5 (Le Fe`vre et al., 2005; Garilli et al. 2008,
Le Fe`vre et al. 2013, in prep.). In the VVDS-Deep 0216-04 field,
more than ∼10000 spectra have been collected for galaxies with
IAB ≤ 24, observed with the LR-Red grism across the wave-
length range 5500 < λ < 9350Å, with integration times of 16000
seconds, over an area of 0.62 deg2. In addition, the VVDS Ultra-
Deep (Le Fe`vre et al. 2013, in prep.) has collected ∼1000 spectra
for galaxies with iAB ≤ 24.75, obtained with LR-blue and LR-red
grisms, with integration times of 65000 seconds for each grism,
over an area of 0.16 deg2. This produces spectra with a wave-
length range 3600 < λ < 9350Å . For both the Deep and Ultra-
Deep surveys, the slits have been designed to be 1” in width,
providing a good sampling of the 1” typical seeing of Paranal,
and between ∼4” and ∼15” in length, which allows for good sky
determination on both sides of the main target. The resulting res-
olution power is R ≃ 230−250 for both the LR-blue and LR-red
grisms, providing a theoretical spectral resolution of ∼ 22Å at
5000Å . Using the calibration lamp emission line spectra, we
measured a true resolution (FWHM) of ∼ 22Å , corresponding
to a velocity resolution of ∼1150 km/s at z ∼ 2.5. However, as
the atmospheric seeing during the observations was often better
than the slit width, the galaxies in our sample never completely
filled the slit: we measured on the 2D spectra the FWHM in the
spatial direction for the 39 He II emitters, and we found values
between 0.5” and 1.2”, with a typical value of 0.8”. These val-
ues are very similar to the FWHM of the seeing, meaning that
the spectra are barely resolved in the spatial direction. Assuming
that objects are circular, we can assume that their spatial extent
across the slit is also 0.8”. As a result, the effective resolution
in the spectral direction can be smaller than the nominal one.
We have therefore taken ∼18Å as the average spectra resolution,
corresponding to ∼ 1000 km/s at λ = 1640Å at z ∼ 2.5.
We deconvolved the observed line FWHM into intrinsic
FWHM0 applying the simple equation
FWHM0 =
√
FWHM2
obs − FWHM
2
instr, (1)
where FWHMinstr is the instrumental resolution. Assuming that
FWHMinstr=1000 km/s (as derived from the mean spectral res-
olution of 18Å reported above), an emitter with observed
FWHM=1200 km/s will have an intrinsic FWHM=663 km/s,
and an emitter with observed FWHM=2000 km/s will have an
intrinsic FWHM=1732 km/s. Of course, with our assumption,
the conversion is meaningless for those galaxies with observed
FWHM< 1000 km/s.
2.2. Photometry and SED fitting
The VVDS 0216-04 field benefits from extensive deep pho-
tometry. The field was first observed with the CFH12K cam-
era in the BVRI bands (Le Fe`vre et al., 2004; McCracken et al.,
2003), in the U band (Radovich et al. 2004) and in the Ks band
(Iovino et al. 2005). More recent and significantly deeper obser-
vations were obtained as part of the CFHT Legacy Survey in ugri
and z′ (Goranova et al. 2009; Coupon et al. 2009), and as part of
the WIRDS survey in J, H, and Ks bands (Bielby et al., 2012).
We use the T0005 data release of the CFHTLS observations that
reach 5σ point source limiting magnitudes of 26.8, 27.4, 27.1,
26.1 and 25.7 in the u∗, g′, r′, i′, and z′ bands, respectively. The
WIRDS observations reach a 5σ point source limit of 24.2, 24.1,
ad 24 in the J, H, and Ks bands, respctively.
Additional NIR imaging is available as a part of the
S pitzer Wide-Area InfraRed Extragalactic survey (SWIRE;
Lonsdale et al. 2003), providing imaging in the 3.6, 4.5, 5.8,
8.0 and 24 µm channels reaching 5σ limits of 22.8, 22.1, 20.2,
20.1 and 18.5, respectively. Moreover, Herschel data are avail-
able as a part of the Herschel Multi-tiered Extragalactic Survey
(HerMES; Oliver et al. 2012): the coverage is quite shallow, giv-
ing 5σ limits of about 12 mJy in the 250, 350, and 500 µm chan-
nels.
X-ray observations of the VVDS 0216-04 field are also avail-
able as a part of the XMM Medium Deep Survey (XMDS;
Chiappetti et al. 2005), reaching 3σ limits of 6×10−15 and
8×10−15 erg s−1 cm−2 in the soft and hard bands, respectively.
This limit translates to about LX ∼ 1044 erg s−1 cm−2 at z = 2,
corresponding to a moderately powerful Seyfert.
We performed the spectral energy distribution (SED) fit-
ting using the code ALF (Algorithm for Luminosity Function,
Ilbert et al. 2005) that includes the routines of the code Le Phare.
We used the template library from Bruzual & Charlot (2003),
and we also included in the fit the dust attenuation in the form
defined by Calzetti et al. (2000). The SED fitting was performed
on the observed u∗Bg′Vr′i′Iz′JHKs photometric broadbands.
We refer the reader to Cucciati et al. (2012) for more details.
Walcher et al. (2008) demonstrated that, for a sample of galax-
ies with spectroscopic redshift z < 1.2 drawn from the VVDS
sample, the SFR inferred from a similar SED fitting procedure
(though with slightly worse photometry than in this work) agrees
well with the one measured via O II and/or Hα lines.
3. The He II emitters
3.1. Properties of the parent sample of star-forming galaxies
at 2 < z < 4.6
In this study we concentrate on galaxies with secure redshifts
(flags 2, 3, 4, 9, see Le Fe`vre et al., 2005) in the range 2 <
z < 4.6, for which the He II line at λrest = 1640Å is redshifted
to ∼5000 – 9200Å . The Ultra-Deep spectra cover this wave-
length range completely, while the Deep spectra only cover this
range from z = 2.3 to z = 4.6. In total, these criteria select 277
0 http://www.cfht.hawaii.edu/ arnouts/LEPHARE/lephare. html
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Fig. 1. Stack of all 277 spectra at 2 < z < 4.6 for which He II falls in the spectral region, in comparison with the composite spectrum
by Shapley et al. (2003), in blue.
Stack Stack Stack Stack
narrow broad possible all
(11 galaxies) (13 galaxies) (12 galaxies) (277 galaxies)
Line EW0 FWHM EW0 FWHM EW0 FWHM EW0 FWHM
Lyαλ1216 -8.4 2063 8.0 1021 -9.6 2097 0.7 1000
Si IIλ1260 -1.6 – -1.7 984 -1.2 565 -1.6 1500
O Iλ1303 – – -2.2 1130 -3.8 1222 -2.5 1542
C IIλ1334 -0.5 912 -1.5 893 -2.0 784 -1.7 1457
Si IVλ1393 -2.2 1239 -2.2 1659 -1.8 1076 -1.9 1772
Si IVλ1402 -1.9 1519 -1.1 1093 -1.5 1148 -1.6 2166
Si IIλ1527 -1.6 1212 -1.8 1495 -2.4 1185 -1.6 1259
C IVλ1549 -5.9 2756 -3.7 1586 -4.5 1932 -3.0 1724
He IIλ1640 4.1 993 2.7 1914 3.3 2220 1.0 1776
C IIIλ1909 7.8 1631 3.8 1768 – – 3.4 2064
Table 1. Rest-frame equivalent widths and FWHM for absorption and emission lines in the composite spectra of Figs. 1 and 12.
galaxies, 66 of which are from the Deep survey. The galaxies in
the sample show different lines in their UV rest-frame domain,
such as Lyα (1216Å ), Si II (1260Å ), O I doublet (1303Å ),
C II (1334Å ), Si IV doublet (1397Å ), C IV doublet (1549Å ),
Al II (1671Å ), He II (1640Å ), and C III (1909Å ). For each
galaxy, the redshift was estimated by measuring the observed
wavelength of the lines present in the observed spectrum. Since
it has been observationally shown that Lyα is often redshifted
with respect to interstellar lines (Steidel et al. 2010), Lyα was
not considered a good tracer of the systemic redshift of galax-
ies. For each galaxy, we have at least ∼ 3 high signal-to-noise
interstellar lines to perform the redshift determination.
In Fig. 1 we report the average spectrum resulting from the
stack of all the 277 galaxies at 2 < z < 4.6 for which the He II
line falls in the region covered by the spectroscopy, and we com-
pare them with the stack of about 1000 Lyman-break galaxies
by Shapley et al. (2003, hereafter S03). The stack was produced
running the scombine routine in IRAF, which produced a vari-
ance weighted average. The spectra normalized to the median
flux density estimated between λ = 1500Å and λ = 2000Å.
A sigma clipping algorithm (lsigma=3, hsigma=3) was applied
during the stacking process and the spectra were combined using
mean stacking.
In Table 1 we report equivalent widths and line widths
(FWHM) for the most relevant absorption and emission lines of
the stacked spectra. In the composite spectrum, a broad He II
emission at λ =1640Å is evident: we measure a rest-frame
equivalent width of ∼1.0Å, and FWHM ∼ 1800 km/s. The pres-
ence of the He II line in this composite implies that the He II
emission is a common feature in the spectra of star forming
galaxies at these redshifts. Our composite spectrum is differ-
ent to the S03 composite. The main difference is the slope of
the continuum: our spectrum is much redder than S03. This dif-
ference is probably due to the different selection criteria. The
Lyman-break galaxy technique used in S03 tends to select bluer
objects, while our flux-limited sample is unbiased with respect to
the color. Moreover, the S03 composite has stronger Lyα emis-
sion, stronger P-Cygni features around N V, O I, and C IV lines,
and a slightly stronger He II emission (EW0 ∼1.5Å).
In order to test the robustness of our stacking procedure, we
experimented with other stacking parameters, varying the type
of scaling used before stacking (e.g., using the mean or median,
applying a moderate or strong sigma clipping, changing the re-
gion in which the continuum fluxes are evaluated, etc.). We find
that the set of parameters used for our stacked spectra gives the
best signal-to-noise (S/N) continuum; moreover, the equivalent
widths of the relevant lines are always within 20% of the values
shown in Table 1.
3.2. Searching for individual galaxies with He II emission
We then visually inspected the 277 spectra to identify bona fide
He II emitters responsible for the emission feature in the com-
bined spectra. We excluded all galaxies for which the He II emis-
sion at 1640Å falls in a spectral region dominated by bright
OH airglow emission lines, which dominate the background at
λ > 7500Å , and so are not easy to subtract from the com-
bined object+sky spectra in low-resolution spectra. We identi-
fied a preliminary list of 114 potential emitters, and we cleaned
it by removing the less convincing cases (objects with lines at
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id redshift magi magK log(M/M⊙) log(SFR [M⊙ yr−1] FWHMobs(He II) [km/s] β slope type
910294959 2.133 24.62 23.51 9.55 0.76 756 −1.89 ± 0.09 N
910167429 2.174 24.09 22.37 10.2 0.18 732 −0.72 ± 0.08 N
910282010 2.245 24.58 23.87 9.58 1.36 1117 −0.63 ± 0.11 N
910265546 2.012 23.76 -99.9 9.82 2.84 1064 −0.88 ± 0.05 N
910246547 2.376 24.50 23.35 9.35 2.35 993 −0.05 ± 0.23* N
910191609 2.436 24.05 24.84 9.16 2.18 1017 −0.38 ± 0.16* N
910362042 2.199 24.63 24.82 9.53 2.56 953 −0.10 ± 0.24* N
910260902 2.359 23.48 22.22 10.5 1.47 601 −1.82 ± 0.12 N
20107579 3.817 23.45 22.98 10.2 1.21 774 −0.09 ± 0.43* N
20215115 3.998 24.05 24.68 8.49 1.51 957 −2.19 ± 1.03* N
20198832 2.767 -99.9 -99.9 10.0 0.85 778 −1.55 ± 0.18 N
average N 2.592 24.12 23.62 9.67 1.57 885 -1.28
910276278 2.292 22.92 22.19 10.2 1.27 1746 −1.43 ± 0.04 B
910261908 2.128 23.25 22.60 9.82 1.51 2278 −0.82 ± 0.04 B
910252781 2.629 24.19 23.47 9.28 2.29 1576 −0.88 ± 0.11 B
910279100 2.289 23.08 21.87 10.4 1.38 3132 −1.59 ± 0.08 B
910221957 2.205 22.89 22.03 10.2 1.66 2213 −1.09 ± 0.04 B
910193041 2.245 23.78 23.61 9.34 1.36 1885 −1.24 ± 0.06 B
910277155 2.285 23.52 23.02 9.90 1.44 1998 −1.37 ± 0.05 B
910329878 2.267 24.47 23.61 9.56 0.61 1515 −1.90 ± 0.10 B
910210056 2.035 23.61 22.47 9.75 2.02 2917 −1.17 ± 0.05 B
910301515 2.609 24.41 23.06 9.94 1.56 1356 −1.11 ± 0.14 B
910177193 2.123 22.88 21.66 10.3 1.97 2707 −0.66 ± 0.03 B
910295166 2.372 22.01 20.96 10.9 1.92 1456 −2.02 ± 0.11 B
20465257 2.716 22.56 22.31 9.55 2.55 2062 −1.41 ± 0.08 B
average B 2.323 23.35 22.53 9.93 1.65 2064 -1.28
910270610 2.297 23.44 -99.9 10.1 1.31 1564 −1.00 ± 0.04 P
910376001 2.079 22.70 20.53 10.7 3.05 2072 −0.26 ± 0.05 P
910300064 2.418 23.94 22.94 10.0 1.63 1480 −0.78 ± 0.07 P
910248329 2.293 24.17 22.96 10.0 0.45 1571 −1.76 ± 0.14 P
910273289 2.629 24.00 23.16 9.30 2.31 1048 −1.42 ± 0.16 P
910192939 2.213 22.76 21.97 9.89 2.90 603 0.30 ± 0.10 P
910285698 2.377 24.24 23.11 9.98 1.85 1449 −0.20 ± 0.15 P
910159274 2.142 24.38 23.26 9.12 1.50 2709 −1.38 ± 0.11 P
910324232 2.774 23.81 -99.9 10.3 0.81 1028 −2.61 ± 0.15 P
20188616 3.218 23.02 22.22 10.7 1.44 878 −4.92 ± 0.28 P
20191386 3.527 23.99 22.59 10.7 1.06 8624 −0.85 ± 0.35 P
20219577 3.506 23.61 22.83 8.58 1.60 1165 −2.00 ± 0.21 P
average P 2.623 23.67 22.56 9.95 1.66 2015 -1.40
910359136 2.287 24.57 21.29 10.9 0.35 1454 −0.51 ± 0.13 A
20273801 2.487 22.84 21.23 10.7 1.49 2209 −2.01 ± 0.19 A
20366296 2.556 22.68 21.41 10.3 3.30 1649 −1.36 ± 0.12 A
average A 2.623 23.36 21.31 10.7 1.71 1770 -1.29
Table 2. Properties of the 39 galaxies with He II in emission. We report redshift, i′ and Ks observed magnitudes, stellar mass, star–
formation rate (as measured from SED fitting), β slope, and type (N: narrow He II emitters; B: broad He II emitters; P: probable
He II emitters; A: AGN). We also report the average values for each group. Objects for which the β slope is marked with an asterisk
have barely detected continua, and they have not been used to compute the average value of the narrow emitters.
the location of weaker OH airglow emission, or at spectral lo-
cations with known higher background noise) which resulted in
39 bona fide He II emitters. Among these, 9 are from the DEEP
survey and the remaining 30 from the Ultra-DEEP one. Three of
them were identified as AGN during the redshift measurement
process. In order to test the robustness of our sample and to es-
timate the fraction of false positive lines that could be due to a
stochastic noise peak, we multiplied all of the 277 spectra by -1
and we re-checked them to look for fake He II lines. We found a
list of 10 fake emitters, and after cleaning this sample as we did
for the real sample, we ended up with only 2 possible emitters.
This experiment shows that 5% at most of our 39 emitters could
be fake detections.
For each He II emitter, we measured the equivalent width,
the line flux, the line observed FWHM, and the S/N of the con-
tinuum around the He II line using the onedspec task of IRAF.
We then divided the sample into four subsamples: the reliable
narrow He II emitters (11 objects, with FWHMHe II <1200
km/s); the reliable broad He II emitters (13 objects, with
FWHMHe II >1200 km/s); the possible He II emitters (12 ob-
jects, for which the detection is not certain, based on the line
shape, position with respect to sky lines and/or the line S/N ra-
tio) and AGN (3 objects). We chose a discriminating observed
He II FWHM of 1200 km/s because this corresponds to an in-
trinsic (deconvolved) FWHM ∼663 km/s, a very conservative
lower limit for the line width expected in the case of Wolf-Rayet
stars (see Sects. 4 and 4.2).
3.3. Spectro-photometric properties of the He II emitters
We report in Table 2 the photometric properties of the 39 He II
emitters in the sample, together with the UV continuum slope
β and width of the He II line that allowed us to classify the re-
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liable emitters between narrow and broad. The β slopes were
computed fitting a power law (Fλ ∝ λβ) to the spectra between
λ = 1500 Å and λ = 2500 Å. However, for some objects (marked
with an asterisk in Table 2) the continuum is barely detected and
so the slope is poorly constrained. Most of the objects (27) are at
2 < z < 2.5; the highest redshift object is at redshift z ∼ 4; and
4 emitters have 3.5 < z < 4.5. The He II emitters span a broad
range of properties: He II is found equally in massive objects
(M∗/M⊙ > 1010.5) and in less massive ones (M∗/M⊙ ∼ 109),
both on highly star–forming objects (S FR > 1000M⊙yr−1 and
in normal star–forming galaxies (S FR ∼ 1 − 10M⊙yr−1). The
He II emitters have β slopes between -0.5 and -2.5, but we do
not find any correlation between the slope and the strength of
Lyα or He II lines. Moreover, we do not find any particular cor-
relation between these properties and the width of the He II line:
the only clear difference is that the narrow emitters are typically
fainter (both in i′ and Ks bands) than the others. The 1 arcsec
typical seeing of the CFHTLS images, corresponding to about 8
kpc at z ∼ 2.5, did not allow us to perform a detailed morpholog-
ical analysis; however, the 39 He II emitters have morphological
properties spanning from compact to more diffuse irregular ob-
jects.
Only a few He II emitters were detected in the
Spitzer-SWIRE imaging survey (ids: 910177193, 910376001,
910192939 plus the three AGN). However, these objects were
detected in the first two IRAC channels only, for which we have
a much deeper imaging, and not in the other two channels, which
does not allow us to apply the AGN/galaxy separation based on
MIR colors (Donley et al. 2012). Two objects were detected in
the Herschel imaging: objects 910376001 and 20366296. The
first object has a total IR luminosity LT IR = 1.8 × 1012L⊙.
Assuming that the FIR luminosity comes only from star for-
mation, this value corresponds to a star-formation rate of about
∼ 300M⊙yr−1, not far from the estimate of ∼ 1000M⊙yr−1 ob-
tained from the SED fitting. The other object detected in SPIRE
is, instead, a clear AGN, but this object was not detected in the
XMM-LSS survey, implying that it is probably a star–forming
object with a moderately weak AGN component. Finally, we
note that none of the other He II emitters were detected in the
XMM-LSS survey.
3.4. Spectral properties of the individual He II emitters
We show the spectra of the 39 He II emitters, for the four groups
mentioned above, in Fig. 2 (the secure emitters with narrow He II
emission), Fig. 3 (the secure emitters with broad He II emission),
Fig. 4 (the three AGN) and Fig. 5 ( the possible He II emitters).
For each individual spectrum we identify at least two lines,
that have been used to determine the spectroscopic redshift (for
about 90% of the objects we identify three or more absorption
and/or emission lines). The most common feature in the spectra
is the doublet Si II+C IV at 1526 Å and 1549 Å . For some of the
objects coming from the Deep survey (labelled 20xxxxxxx) the
Lyα region is not covered. It can be also seen that for 17 He II
emitters the Lyα line is in absorption. We also remark that C IV
is in absorption for all objects, except for one of the AGN; for the
other two, C IV is not in the covered spectral range. However, the
C IV line is often asymmetric, with the red wing sharper than the
blue one, suggesting in some cases the presence of an emission
component just redward of the absorption reminiscent of a P-
Cygni profile.
To investigate the possible presence of these C IV P-Cygni–
like profiles, we report in Figs. 6, 7, and 8 the close–ups of the
Fig. 9. Top panel: Rest-frame equivalent width of the
He II λ1640 line as a function of the average S/N ratio per resolu-
tion element of the spectra in the two regions 1420–1500Å and
1700–1800Å for the 39 galaxies with detected He II in emission.
The blue circles, red diamonds, black triangles, and green aster-
isks represent the reliable emitters with narrow He II lines, the
reliable emitters with broad He II lines, the possible emitters,
and the objects classified as AGN, respectively. bottom panel:
histogram of the average S/N ratio at 1420–1500Å and 1700–
1800Å for all 277 galaxies in the sample (long dashed line), for
the DEEP and UDEEP spectra (dotted and dot-dashed, respec-
tively), and for the 39 galaxies with He II in emission (continu-
ous filled histogram).
region around He II and C IV for the narrow, broad, and proba-
ble He II emitters, respectively. For each object, we fit a single
Gaussian to the He II line, which almost always gives a good
representation of the line profile except for a few broad emitters,
for which the observed line is skewed towards red wavelengths.
On the contrary, the absorption profile of C IV is often asymmet-
ric, with a blue absorption wing that is much broader than the red
one, and not well reproduced by a single Gaussian. To improve
the quality of the fit for these cases, we have to add a second
Gaussian in emission, just redward of the absorption. We then
fit the C IV profile combining two Gaussians: one in absorption,
centered at 1549 Å, with FWHM and flux chosen to reproduce
well the blue absorption wing; and a second Gaussian in emis-
sion for which the ∆ λ with respect to 1549 Å and the flux in the
line are left as free parameters, while we set the FWHM of this
component to the same value measured for He II (assuming that
they are produced by the same region). As an output, we get the
ratio between the flux of the C IV component in emission and
the flux in the He II line.
From Fig. 6 it is clear that only two galaxies classified as
narrow He II emitters (ids: 910265546; 910294959) need a C IV
emission to improve the fit to the C IV profile. However, for
object 910294959 the effect is quite marginal, with an EW of
the emission component of ∼0.2 Å only. In all the other cases,
the C IV is either undetected (ids: 910282010; 910246547;
910191609; 910362042) or is in absorption with a symmet-
ric profile, which does not require a second component (ids:
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910167429; 910260902; 20107579; 20215115; 20198832). For
the broad and probable emitters, the presence of P-Cygni–like
C IV profiles is a much more frequent feature: for 11 of the 13
broad emitters a C IV emission component is needed to repro-
duce the C IV line profile with C IV/He II ratios going from ∼0.7
to ∼2 (Fig. 7). The group of probable He II emitters (Fig. 8) is
a more heterogeneous population: in 7 of the 12 objects a strong
C IV emission component is needed, in the remaining 5 of the
12 the C IV absorption line is quite symmetric.
From this experiment we can conclude that the narrow and
broad emitters appear to have very different properties of the
C IV line. While the bulk of the narrow emitters do not show
any sign of P–Cygni profile, most of the broad emitters need an
emission component redward of the C IV line to explain the C IV
line profile.
In Fig. 9 we report the rest-frame equivalent width EW0 of
the He II lines as a function of the signal-to-noise ratio per reso-
lution element measured in the two regions 1420 – 1500 Å and
1700–1800Å . These two regions are contiguous to the He II
line, and as they do not contain any spectral features, they pro-
vide a reference measurement of the continuum emission. Apart
from the three AGN that have typical EW0 ∼15 – 20Å , the other
He II emitters in the sample have 1 . EW0 . 7Å . These values
are in general agreement with the rest-frame equivalent widths
of the He II line measured by Scarlata et al. (2009) for a Lyα
blob at z = 2.373 (EW0(He II)∼ 3.5Å) and by Erb et al. (2010)
for a low-metallicity galaxy at z ∼ 2.3 EW0(He II)∼ 2.7Å.
Prescott, Dey, & Jannuzi (2009) found instead a nebula at z∼1.6
with much more powerful He II emission, with EW0(He II) ∼
35Å.
Below S/N ∼ 4, the EW0 and S/N are correlated: the smaller
the S/N, the higher the equivalent width. This is not surprising
since objects with S/N < 4 have barely detected continua. It is
also clear that narrow He II emitters have continuum S/N that is
lower than that of broad emitters.
In the bottom panel of Fig. 9 we compare the continuum
S/N ratios of the He II emitters with the S/N of the full sample
of 277 galaxies sample. Objects drawn from the UDEEP survey
typically have larger S/N ratios than those drawn from the DEEP
survey, as expected from scaling the exposure times, with the
total distribution extending from S/N = 0 (on the continuum,
for emission-line only spectra) to S/N ∼ 20 and peaking around
S/N ∼ 4. The 39 He II objects with He II emission have a S/N
distribution that is similar to the distribution for the 277 parent
galaxies: we found He II emission in objects with both faint and
bright continua.
In Fig. 10 we show the luminosity of the He II line as a
function of the redshift for the 39 He II emitters in the sam-
ple. Two of the AGN are the most luminous objects in He II
with luminosities up to 1042erg s−1, while the other emitters have
1040 < LHe II < 1041.5erg s−1.
In the same figure, the He II luminosities are converted to
the star–formation rates needed to produce this He II emission,
where it is assumed that the He II emission is due to star forma-
tion that is happening in a gas region of primeval composition.
We applied three conversions calculated by Schaerer (2003):
a top-heavy IMF with Salpeter slope extending from 1M⊙ to
500M⊙, and three metallicities Z=0, Z= 10−7, and Z= 10−5.
From these calculations we infer that, if He II originates from
a region with zero metallicity, the star formation rate needed
to produce the observed He II line luminosity is only 0.1 – 3
M⊙yr−1. We remark also that adding just a few metals changes
this estimate considerably: for Z= 10−7 and Z= 10−5 the pro-
Fig. 10. Top panel: Luminosity of the He II line as a function of
the redshift for the 39 identified He II emitters in our sample. The
blue circles, red diamonds, black triangles, and green stars rep-
resent the reliable emitters with narrow He II lines, the reliable
emitters with broad He II lines, the possible emitters, and the ob-
jects classified as AGN, respectively. The three axes on the right
represent the star–formation rates needed to produce these He II
luminosities for a top-heavy IMF with Salpeter slope extending
from 1M⊙ to 500sM⊙ with metallicities Z=0 (black), Z=10−7
(red), and Z=10−5 (blue), using the conversion in Schaerer 2003
(see text). Bottom panel: Redshift distribution of the 39 He II
emitters (empty histogram) and of the reliable ones (filled his-
togram).
duction of He II photons is much less efficient, so we need 10 to
50 times more star formation to produce the observed He II line
flux. In any case, no matter the metallicity, the SFR inferred from
the He II lines under the assumption that He II is the result of star
formation only are always smaller than the values measured for
the individual galaxies from SED fitting (see Fig. 13).
In Fig. 11 we show the width of the He II line (FWHM,
expressed in km/s, observed and intrinsic on the bottom axis
and top axis, respectively) as a function of the velocity differ-
ence between the He II line and the systemic redshift (measured
from the position of the absorption lines, see Sect. 2), together
with the distribution of the two quantities. The distribution of
the observed FWHM extends from 600km/s to 3000km/s, with
∼ 10 emitters having a FWHM formally smaller than the spec-
tral resolution of the instrument. As we explained in Sect. 2,
this is not unexpected: the nominal resolution of ∼1000 km/s
has been measured on the spectra of a lamp that uniformly
illuminates the 1” slit, while our galaxies have spatial extent
of ∼0.8” (FWHM). We conclude that galaxies with observed
FWHM(He II)≤ 1000km/s are spectrally unresolved.
By our definition, the narrow and broad He II emitters have
observed FWHM< 1200 and FWHM> 1200 km/s, respectively,
corresponding to intrinsic FWHM≷ 663km/s. This limit has
been chosen because Wolf-Rayet stars are always associated
with strong stellar winds with speeds around or larger than 1500
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Fig. 11. For the 39 He II emitters, the velocity difference be-
tween the centroid of the He II line and the systemic redshift vs
the FWHM of the He II line in km/s. The bottom axis is linear
and reports the observed FWHM, while the top axis is converted
in deconvoluted FWHM. The color code of the symbols is the
same as in Fig. 10.
km/s; He II emitters powered by W-R stars have expected line
widths around or above that limit. The possible He II emitters
span a broad range of line widths, but only 3 out of 12 have
FWHM> 1500km/s.
In Fig. 11 we also report the velocity difference ∆v between
the He II line and the systemic velocity, calculated measuring the
position of the He II line in the rest-frame spectra. Because the
systemic redshift is centered on the interstellar lines, this corre-
sponds to the velocity difference between the He II line and those
lines. We see that the reliable narrow He II emitters have ∆vHe II
values spanning from -1000 to 1000 km/s, with the distribution
well centered on ∆vHe II = 0. On the other hand, reliable broad
He II emitters always have ∆vHe II > 0. We ran a 2D KS test, and
we found that the two distributions are different at a 90% level.
This additional difference supports the hypothesis that broad and
narrow He II emitters are two distinct families.
3.5. Spectral properties of stacked spectra
In order to study the average properties of broad vs narrow vs
probable He II emitters, we produced stacked spectra for these
three families of He II emitters, following the same procedure
used for the composite of all the 277 He II emitters. For these
composites we also experimented different stacking parameters,
as previously described in Sect. 3.1, and we again find that our
set of parameters gives the best and most reliable measures.
The stacked spectra are shown in Fig. 12, in comparison
with stellar population models by Maraston et al. (2009) and
Eldridge & Stanway (2012). We will discuss the comparison
between data and models in Sect. 5. The measurements of the
rest-frame equivalent width EW0 and FWHM for the relevant
interstellar absorption lines are listed in Table 1.
Recently, Sommariva et al. (2012), developing a method al-
ready used by Rix et al. (2004), Halliday et al. (2008), and
Quider et al. (2009), have shown that some photospheric lines
in the UV rest–frame domain can be used to estimate the stel-
lar metallicity and age. In particular, using the latest version of
the Starburst99 code (Leitherer et al. 1999; Leitherer et al. 2010)
they have determined the strength of five UV features (1360-
1380 Å, 1415-1435 Å, 1450-1470 Å, 1496-1506 Å, and 1935-
2020 Å) as a function of age and stellar metallicity. The de-
pendence on age is very weak, with the EW of these features
reaching a constant value after a few Myr only. We applied this
technique to the stacks of the narrow and broad emitters, as well
as to the stack of all of the 277 star forming galaxies. Some of
these spectral features are very weak and noisy in our combined
spectra; as a result, we obtain very different values from different
lines (from 0.01 Z⊙ if the 1360–1380 Å feature is used, to 0.2
Z⊙ if 1496–1506 Å is instead used). Moreover, we do not see
any difference between the values obtained for the three differ-
ent stacks (broad He II emitters, narrow He II emitters, and the
global sample).
The stack of the good–quality narrow He II emitters clearly
shows a narrow He II emission FWHMobserved ∼ 1000 km/s
(hence unresolved at our resolution) with a rest-frame equiva-
lent width EW ∼ 4Å comparable to those of individual spectra.
The stack of the good–quality broad He II emitters also shows a
broad He II line with FWHMobserved ∼ 1800km/s (hence 1500
km/s intrinsic) and EW∼ 2Å . Interestingly, the stack of the
possible He II emitters also shows a clear He II emission with
EW= 3.2Å and FWHMobserved ∼ 2200km/s (1960 km/s intrin-
sic).
From both a visual inspection of the composite spectra in
Fig. 12 and from the analysis of the equivalent widths and line
widths in Table 1 it is clear that narrow and broad He II emit-
ters have completely different properties. The He II line width is
different (FWHM∼ 1000 vs 1600 km/s), and the strength of the
interstellar absorption lines also varies significantly between the
two families. One striking difference is that the narrow He II
composite spectrum has very weak low ionization interstellar
lines (Si II, O I, C II, EWs∼ −1Å) compared to the strong
high ionization ones (Si IV, C IV, EWs∼-5Å); compared to the
narrow-He II composite which shows normal low-to-high ion-
ization ratios (similar to the ratios for the stack of all galaxies
at 2 < z < 4.6). Moreover, the C IV line for the stack of the
narrow emitters has a red wing absorption that is not observed in
the other stacks.
4. Analysis
In the previous section we described the properties of a sample
of 39 He II emitters discovered among 277 z > 2 galaxies of
the VVDS Deep and Ultra-Deep surveys. In this section we an-
alyze and discuss these properties with the aim of constraining
the mechanism that produces the He II line. As discussed in the
Introduction, only a few astrophysical mechanisms can power
the He II nebular emission because a powerful ionizing source is
needed to produce photons with energies E > 54.4 eV that can
ionize He+.
4.1. AGN
The extremely blue continuum of active galactic nuclei is
energetic enough to produce photons with e > 54.4 eV ,
thus ionizing He+ and powering the He II emission fea-
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ture. Similarly to the case of W-R stars, typical spectra
of AGN (both Type I and II) have other emission lines
in their spectra, such as C IV and Si II, that can be
used as diagnostics. Typical narrow line Type II AGN have
〈C IV/He II〉 = 1.50 (McCarthy 1993; Corbin &Boroson 1996;
Humphrey et al. 2008; Matsuoka et al. 2009). Moreover, Type I
AGN (those AGN in which the active nucleus is directly exposed
to the observer) have line widths of 2,000 km/s and above.
Three He II emitters in our sample have been classified
as AGN. Object 910359136 has been discovered in the Ultra-
Deep part of the survey, and thus is covered both with the
blue and the red grism. This produces a rest-frame spectral
window that covers all the spectra from Lyα to C III. The
morphology of this object in the CFHTLS images is diffuse,
with no point–like components, suggesting that the broad–
line region is completely obscured from our line of sight.
The modest line widths (FWHMobs ∼ 1400km/s, correspond-
ing to intrinsic FWHM0 ∼ 1000km/s) supports this inter-
pretation. We measure line ratios Lyα/He II= 11.5 ± 1.6,
C IV/He II= 1.97 ± 0.35, and C III/C IV=0.72 ± 0.25, that
are remarkably similar to the average values for radio galax-
ies < Lyα/He II >= 9.8 ± 5.69 and < C IV/He II >=
1.50 ± 0.56 (McCarthy 1993; Corbin &Boroson 1996;
Humphrey et al. 2008). Matsuoka et al. (2009) also found
C IV/He II= 1.34+0.57
−0.4 and C III/C IV= 1.14
+0.43
−0.31for narrow line
regions at 2 < z < 2.5 and with 41.5 < LHe II < 42.5. We can
conclude that object 910359136 is indeed a Type II AGN.
The other two objects classified as AGN (20366296 and
20273801) are instead drawn from the VVDS Deep survey, so
they are only observed with the red grism, and their rest-frame
spectra only cover the region between λ = 1600 Å and λ = 2600
Å , a spectral domain which covers only from He II to C III. The
He II and C III lines are broad (∼ 2000km/s), and the sources
are point–like in the CFHTLS images; thus, it is likely that they
are Type I AGN, in which the nucleus is directly exposed to the
line of sight directed to the observer.
Are the remaining 36 He II emitters powered by an AGN?
From a visual inspection of Figs. 6, 7, and 8 it is evi-
dent that for the remaining He II emitters in our sample
C IV is either undetected (910252781, 910301515, 910191609,
910362042, 20215115, 910248329, 910285698, 910246547,
and 20191386) or in absorption (all the other cases). This
implies C IV/He II ratios always smaller than 0.5: the ra-
tio is an upper limit for the objects with no C IV detection
and it is negative for the objects with C IV in absorption.
Since in typical AGN we expect a C IV line always stronger
than the He II line (McCarthy 1993; Corbin &Boroson 1996;
Humphrey et al. 2008; Matsuoka et al. 2009), we can exclude
the AGN as a plausible source of ionization for all 37 He II emit-
ters. We also stress that it is very unlikely that a highly obscured
AGN, like the ones discovered by Civano et al. (2011), is re-
sponsible for the He II emission in our objects. If those objects
do not have in their spectra the emission lines typical of unob-
scured AGN because they have been absorbed by dust, there is
no reason why the He II line could not have been absorbed too.
Moreover, we stress that those objects for which a C IV emission
component has been identified, responsible for the asymmetry of
the C IV absorption profile, are unlikely to be powered by AGN:
AGN in fact usually do not show P–Cygni–like line profiles in
their spectra (e.g. Matsuoka et al. 2009).
Finally, it is also possible that a normal Type II AGN is
buried deep inside our objects, producing at the same time the
He II emission line and a C IV emission that is not visible since
Fig. 13. For the 39 He II emitters, comparison between the SFR
measured fitting the broad-band SED of galaxies and the lumi-
nosity of the He II line. The continuous and dashed lines show
a linear best fit (with scatter) to the reliable He II emitters with
broad emission (red diamonds). The dotted line is the expected
correlation between these two quantities according to the cool-
ing radiation model by Yang et al. (2006). The color code of the
symbols is the same as in Fig. 10. The right axis reports the star–
formation rate needed to produce this level of He II luminosity
(as for Fig. 10), assuming a top-heavy IMF with Salpeter slope
extending from 1M⊙ to 500sM⊙ and metallicity Z=0.
it would be hidden in the C IV absorption typical of the host
galaxies. However, since AGN do not produce low-ionization
lines such as Si II λ1527, this scenario would significantly re-
duce the C IV absorption while leaving Si II unchanged, ulti-
mately altering the C IV/Si II ratio. Since we do not see objects
with strange C IV/Si II ratios (i.e., objects with a stronger Si II
than C IV absorption), we can exclude this possibility.
4.2. Wolf-Rayet stars
Another possible mechanism powering He II emission is Wolf-
Rayet stars. Wolf-Rayet stars are evolved and massive stars
(> 10M⊙), descendents of O stars, with surface temperatures be-
tween 30,000 and 200,000 K that are losing mass very rapidly.
They typically show strong and broad emission lines produced
by their dense and fast stellar winds (Leitherer et al. 1995;
Leitherer, Robert & Heckman, 1996; Crowther 2007). The ex-
tremely high surface temperatures of these stars can produce
the energetic photons needed to power the He II emission. The
He II line width, as for the other emission lines, is expected to
be broad with a FWHM on the order of few thousands of km/s
(Schaerer 2003).
The Wolf-Rayet stars are commonly divided in WC, whose
spectra are dominated by carbon lines, and WN stars, with
spectra dominated by nitrogen lines. Both classes show strong
and broad He II λ1640 emission, with typical line widths
in excess of 1000 km/s (Crowther 2007). In WC stars the
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Fig. 14. Blow-up of the region around the He II line for the stacks
of the narrow emitters (thick black line) and the broad emitters
( light black line). We report the Gaussian with an observed
FWHM=1000 km/s, the width that we measure for the He II
line in the narrow stack. For comparison, we also show other
Gaussians with intrinsic FWHMs of 800 km/s (green dashed
line), 1200 km/s (blue dashed line) and 1500 km/s (cyan dashed
line). These line widths, once convoluted with our 1000 km/s
resolution, produce observed FWHM of 1250, 1500, and 1800
km/s, respectively.
C IV λ1549/He II λ1640 ratio is always greater than one
(Sander, Hamann & Todt, 2012), while in WN stars this
ratio is lower than 1, with cases with no C IV emission
at all (Hamann, Grafener & Liermann, 2006). While the
abundance of WC and WN stars is about the same in the
Milky Way, WN are ten times more common than WC
stars in low metallicity objects (Massey & Holmes 2002).
In addition, Crowther & Hadfield (2006) showed that in
low metallicity environments the He II flux and line width
are reduced, with line FWHMs as low as 850 km/s.
Chandar, Leitherer & Tremonti 2004 and Hadfield & Crowther
identified the most extreme W-R galaxy in the local Universe:
NGC3125 shows a strong He II line with EW∼ 7Å and
FWHM∼800 km/s. The C IV emission in W-R stars often shows
a P–Cygni profile, typical of the hot expanding envelope asso-
ciated with this stellar phase (Crowther 2009). In Sect. 3.4 we
showed that 11 out of 13 reliable broad emitters have strong in-
dications of P-Cygni C IV line profiles (Fig. 7). This probably
indicates that, for those broad emitters, the He II and C IV orig-
inate in the winds of massive W-R stars.
In Fig. 14 we show the blow-up of the region around
the He II line for the narrow and broad stacks, in compari-
son with Gaussians with different widths, in order to evaluate
the ability of our data, which have a typical velocity resolu-
tion of 1000 km/s, of resolving the line widths for the most
extreme W-R objects. We overplot a Gaussian with observed
FWHM=1000 km/s, the width that we measure for the He II
line in the stack of the narrow emitters, and that again corre-
sponds to our spectral resolution. We also overplot a gaussian
with intrinsic FWHM=800 km/s (the narrowest He II in the lo-
cal Universe produced by W-R stars) that corresponds, after con-
volving with the instrumental resolution of 1000 km/s, to an
observed FWHM=1250 km/s. It is evident that this Gaussian
is wider than the observed He II line, and that in principle we
would be able to identify a line with such FWHM observed at
our resolution. For comparison, we also report two gaussians
with observed FWHM of 1500 and 1800 km/s, corresponding to
intrinsic FWHM of 1200 and 1500 km/s at our resolution. The
latter corresponds to the width that we measure for the He II line
in the broad composite.
Including the W-R phase in stellar population synthesis mod-
els is not an easy task; the W-R phase heavily depends on
the number of very massive stars (and thus on the IMF), on
the atmosphere and wind models of very massive stars, and as
we mentioned earlier, on the metallicity of the environment.
Shapley et al. (2003), who first detected a broad He II emis-
sion in the composite of 1000 z ∼ 3 galaxies, interpreted
the He II line as the signature of W-R stars, but then failed
to identify a stellar model that could at the same time repro-
duce the strength of the line and the P-Cygni C IV emission.
Brinchmann, Pettini & Charlot (2008) combined the state–of–
the–art population synthesis models with observations of local
galaxies in the Sloan Digital Sky Survey, generating a model
that can reproduce the observational features of the S03 com-
posite spectrum with a half solar metallicity.
Eldridge & Stanway (2012; hereafter ES12) have recently
published a grid of synthetic spectra produced using a new stel-
lar population synthesis code that includes massive binary stars.
These models naturally incorporate a W-R phase, and predict
strong He II emission about 50 Myr after the burst of star for-
mation (the age for which the number of W-R stars reaches a
maximum). The strength of the He II line depends on the metal-
licity, and it is strongest for Z=0.004. In the ES12 models the
He II emission is broad and is always accompanied by a C IV
absorption+emission P-Cygni line. Using these models and in-
voking a Carbon reduction with respect to other metals, ES12
can reproduce quite nicely the C IV line profile and the He II
emission in the S03 spectrum.
In Fig. 12 we checked whether or not we could reproduce
the properties of our stacked spectra with the ES12 models.
However, these models do not include interstellar absorption
lines. In order to build more reasonable synthetic spectra, we
decided to combine the ES12 models with the synthetic high-
resolution UV spectra by Maraston et al. (2009) that conversely
include interstellar lines (but no He II emission). We stress that
we did not try to perform any rigorous fitting procedure, but we
simply compared the predictions by a combination of these two
sets of models with our composite spectra. The only restriction
we imposed is that the metallicity of the components used to
build our synthetic spectra is always subsolar (as it is expected
to be at z ∼ 2.5).
The models are superimposed to the composite spectra in
Fig. 12. For the stack of the narrow He II emitters, which does
not have strong low-ionization lines, we simply chose an E12
model, with a continuous star formation of 1 M⊙yr−1 lasting 100
Myr and metallicity Z=0.004 (but an instantaneous 10–Myr–old
burst and the same metallicity produces a similar synthetic spec-
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trum). For the broad He II emitters, we built a more complicated
ad-hoc (and possibly unphysical) model: we combined a 150–
Myr–old burst of star formation with metallicity Z=0.01 from
Maraston et al. (2009), with a second burst of star formation
with metallicity Z=0.004 and age=10 Myr, from the ES12 li-
brary. Finally, for the stack of the possible emitters, we produced
a similar synthetic spectrum to the one used for the broad com-
posite, with only a slightly younger second component from the
ES12 library. We stress that these are not the best possible mod-
els; rather, they are only one of the many combinations that come
close to reproducing the features of our composite spectra.
Starting from the narrow composite, it is clear that the overall
shape of the spectrum is reproduced well by the synthetic model.
The model reproduces the absence of low-ionization lines (O I,
Si II, and C II), and the strength of the Si IV absorption feature
at ∼ 1400Å . However, the He II emission in the model is signifi-
cantly broader (∼ 2000 km/s) than in the composite (even though
the EW is similar), and the shape of the C IV line is completely
different, with the model predicting a P-Cygni profile that we do
not observe in the stack. We remark that other models in ES12
library are not able to reproduce the narrow He II line that we
see in our composite, nor the absence of C IV P-Cygni profile.
On the other hand, our ad-hoc models for the broad and possi-
ble He II emitters reproduce quite nicely the strength, shape, and
width of the He II line. Moreover, the shapes of the C IV lines in
the model and in the composite spectrum are qualitatively simi-
lar, and all the other absorption lines are quite well reproduced.
The outcome of this analysis is that we were unable to repro-
duce the properties of the narrow He II emitters with the state-
of-the-art stellar population models including W-R stars. On the
other hand, although more refined modeling might be required,
we can reproduce the main spectral features of the broad emit-
ters with stellar models including a specific treatment of the W-R
phase.
We remark that the lack of broad He II emitters with a
negative ∆v between the He II line and the systemic velocity
(see Fig. 11) is compatible with the W-R scenario. It is ex-
pected that if the He II emission originates in the fast winds of
a W-R star, the profile of the line is the typical P-Cygni pro-
file (Venero, Cidale, & Finguelet 2002). It is also worth noting
that a correlation between the star–formation rate of the galaxy
and the number of W-R stars (and thus the He II luminosity) is
expected for the W-R scenario, with the only caution that the W-
R phase might be very short, and would not match the global
star–formation rate of the galaxy. In Fig. 13 we compare the
star–formation rate measured from fitting the SED of galaxies
(see details in Sect. 2.2) and the luminosity of the He II line.
Interestingly, we observe a correlation between the luminosity
of the He II line and the star–formation rate for the galaxies in
the high–quality broad emitters category (see Fig. 13), in broad
agreement with predictions by models.
4.3. Gravitational cooling radiation from gas accretion
Gravitational cooling radiation from gas accreting onto dark
matter haloes is another mechanism that can produce Lyα+He II
emission lines, as predicted by many theoretical papers.
Keres et al. (2005) showed that about half of the gas infalling
onto dark matter potential is heated to temperatures T ∼ 104
– 105 K. At these temperatures, the gas is expected to cool via
line emission, in particular Lyα and He II (Yang et al. 2006).
The Lyα line is in principle expected to be the strongest line,
but its strength depends on the radiative transfer of Lyα photons
and on the geometry and dynamics of the system; as a result,
the Lyα line is easily destroyed. On the other hand, He II emis-
sion should always be observed, and its luminosity should cor-
relate with the star–formation rate of the galaxy the gas is falling
into. Intuitively, the more gas falls onto the galaxy, the higher
the He II emission and thus the higher the SFR. The correla-
tion is tighter assuming that the infalling gas is optically thin,
and the predicted scatter is larger if the gas is optically thick
(Yang et al. 2006).
Another prediction of this model is that the He II line is ex-
pected to have widths not larger than 300 km/s, and the He II
emission is expected to be less extended than that of the Lyα line
(Yang et al. 2006; Haiman, Spaans & Quataert 2000). However,
these models assume primordial composition for the infalling
gas; the presence of metals can change the cooling efficiency
and thus affect the strength of the He II line.
With the spectral resolution of our observations
FWHMintrinsic ∼660km/s we are only able to say that the
widths of the narrow He II emitters are broadly consistent
with the line width of ∼300km/s predicted by the models
(Yang et al. 2006). Moreover, galaxies with a resolved He II
line (i.e., galaxies with FWHMHe II > 1200km/s) are not
compatible with the theoretical predictions for the cooling
radiation scenario. Unfortunately, the spatial resolution of our
spectra (FWHMseeing = 0.8” at best) does not allow us to check
if the He II and Lyα emission (where present) have different
spatial extents. Interestingly, we find that the C IV line profile
of the narrow He II emitters in the composite spectrum shows a
red absorption wing. In the context of accretion, this could be
interpreted as the signature of infalling gas.
However, we saw in Fig. 13 that, for the narrow He II emit-
ters, we do not observe any correlation between the He II lu-
minosity and the overall star–formation rate of the galaxies, in
disagreement with the predictions by Yang et al. (2006).
Another test that we can perform is to compare the number
density of He II emitters above a given He II Luminosity with the
predictions of the models: since the gas accretion is ubiquitous
in cosmological simulations, models predict number density as
high as 0.1 He II emitters per cubic Mpc at z ∼2 – 3 with He II
Luminosity LHe II > 1040erg/s (Yang et al. 2006). We calculated
the number density of He II in our sample (excluding the broad
emitters, that are probably powered by W-R stars) applying the
classical V/Vmax method (Avni & Bahcall 1980), and weighting
each galaxy by the photometric sampling rate (basically the ratio
between the number of galaxies of a given magnitude that have
been spectroscopically observed). The total volume sampled by
the Ultra-Deep and Deep surveys between z = 2 and z = 3.5
is about 106.3 and 107 Mpc3, respectively. The number density
that we measure for our sample is ∼ 10−4gal/Mpc3, thus 2 –
2.5 orders of magnitude smaller than the value expected by the
simulations.
We conclude from this indirect argument that it seems un-
likely that our 39 He II emitters are powered by cooling radia-
tion. However, we note that to make accretion models compati-
ble with our observations, some dramatic reduction in the cool-
ing radiation output, by about 2 orders of magnitude, would be
needed in the simulations.
4.4. Pop III star formation
Star formation in metal-free or very low metallicity regions
is another mechanism that is able to produce the extremely
energetic photons needed to ionize He+ and thus power the
He II emission. Many authors suggested that PopIII star form-
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ing regions can be found looking for dual Lyα+He II emitters
(Tumlinson et al. 2001; Schaerer 2003; Raiter et al. 2010). These
models predict extremely large equivalent widths for both Lyα
and He II. Schaerer (2003), for example, expects EW(Lyα)=600
– 1500Å and EW(He II)=20 – 100Å for a burst of star forma-
tion (according to the metallicity, from Z=0 to Z=10−5, and the
IMF). However, such large EWs are sustained only for 2 Myr
at the most, and the equilibrium values reached in the case of a
constant star formation are much smaller: for a top-heavy IMF
and extremely low metallicities (Z < 10−5), the EW for the Lyα
and He II lines are ∼300 – 400Å and ∼ 5 − 15Å , respectively
(Schaerer 2003). We remark that the equivalent width of the
He II line for this model strongly depends on the metallicity, and
drops to virtually zero at Z > 10−5. The typical ratio between the
strength of the He II and Lyα line that the models predict also
depends on the metallicity as well as the IMF: for a top-heavy
IMF and zero metallicity this ratio is around He II/Lyα ∼ 0.1
(Schaerer 2003; Raiter et al. 2010). Unfortunately, the Lyα is
resonant, and the Lyα photons can be easily destroyed, as noted
above, so the predictions for the Lyα luminosity and EW are
highly uncertain.
The distribution of EW(He II) for all He II emitters in our
sample (except AGN) as shown in Fig. 9 is EW∼1–8 Å , val-
ues that are similar to those expected for an event of continuous
PopIII star formation (Schaerer 2003; Raiter et al. 2010). We
showed in Fig. 10 that the SFR needed to power the He II fluxes
that we observe in our galaxies are not so extreme: as long as
the IMF is top-heavy (as seems reasonable for PopIII star for-
mation) and the metallicity is close to zero we find values of 0.1
– 10 M⊙yr−1.
In Fig. 13 we showed that there is no correlation between the
SFR measured for the individual galaxies and the He II line lu-
minosity. Moreover, from Fig. 13 we also showed that, assuming
again that the He II emission is powered by PopIII star forma-
tion, the SFR in PopIII stars needed to generate the observed
He II luminosities is always smaller (by ∼ 2 orders of magni-
tude) than the SFR measured from fitting the SED. These two
findings together imply that, if the nebular He II emission is re-
ally powered by PopIII star formation, it is happening in a small
fraction of the volume of the galaxy containing some pristine
gas and not in the galaxy as a whole. This would imply that the
observed integrated spectra are a mix of two components 1) nor-
mal star-forming moderate-metallicity stellar populations com-
prising a majority (90%) of the SF activity, and 2) PopIII stellar
populations producing the ionized He, comprising a small frac-
tion of the global star formation. This implies that the EW of
the He II line is somewhat diluted in the integrated spectrum. If
the host spectrum had a continuum 100x brighter than the PopIII
component at 1640Å, the EW of the He II line in the total spec-
trum would be 100x smaller than the intrinsic PopIII value.
From Fig. 11 we also saw that the He II emitters in our sam-
ple show a broad range of He II line widths: 11 He II emitters
have intrinsic FWHMHe II < 660km/s and have velocity dif-
ferences between the He II line and the system well distributed
around zero. These He II emitters are not compatible with the
W-R scenario in which the He II line is expected to be broad-
ened by stellar winds, and are more compatible with the PopIII
scenario. Conversely, the He II emitters with broad He II line are
instead inconsistent with the PopIII scenario, which would pro-
duce narrow He II emission, and are instead more likely to be
powered by W-R stars (as explained in the previous section).
Another prediction of the PopIII model that we can test is the
star–formation rate density in PopIII stars at z ∼ 2.5, the median
redshift of our sample. Tornatore, Ferrara & Schneider (2007)
predict that, although the metallicity in the center of overdensi-
ties is rapidly enriched by star formation feedback, zero metal-
licity regions can survive in the low–density regions around
the large overdensities even down to z ∼ 2. In particular,
at z ∼ 2.5 Tornatore, Ferrara & Schneider (2007) predict a
PopIII SFRD of 3×10−7M⊙yr−1Mpc−3. If we make the con-
servative assumption that only the 11 reliable He II emit-
ters with narrow He II emission in our sample (excluding
the possible He II emitters or a fraction thereof) are pow-
ered by PopIII star formation, and we use the conversion be-
tween He II Luminosity LHe II and PopIII SFR for a top-
heavy IMF and zero metallicity calculated by Schaerer (2003),
we get a SFRD∼ 10−6M⊙yr−1 Mpc−3, only a factor three
above the prediction by Tornatore, Ferrara & Schneider (2007).
This value is in broad agreement with the one derived by
Prescott, Dey & Jannuzi (2009), who found SFRD∼ 3.3 ∼
10−7M⊙yr−1Mpc−3, based on the discovery of a Lyα+He II neb-
ula at z = 1.67. We conclude from this analysis that the SFRD
derived from the observed He II assuming it is produced by
PopIII stars is in broad agreement with predictions from the
model of Tornatore, Ferrara & Schneider (2007), but that, if this
is indeed the mechanism in place, models would need to be iter-
ated on to match the observed SFRD.
4.5. Peculiar stellar populations
In the local Universe several HII regions showing nebular He II
emission have been identified (Schaerer, Contini & Pindao 1999;
Izotov & Thuan 1998; Guseva & Izotov 2000;
Kehrig et al. 2011). For many of these regions the spectra
show the features typical of W-R stars, which are thought to be
the source of the strong ionizing continuum (see Sect. 4.2), but
some are not clearly associated with W-R stars, nor with O-B
stars (Kehrig et al. 2011).
A nebular He II component is also observed in the spec-
tra of galaxies (de Mello et al. 1998; Izotov et al. 2006;
Shirazi & Brinchmann 2012; Shapley et al. 2003;
Erb et al. 2010). Once again, for many of these objects,
especially at low metallicity, the nebular He II emission is not
accompanied by any W-R signatures, and thus the W-R scenario
can not fully explain the origin of this nebular He II emission.
The origin of the nebular He II emission in these objects is
puzzling. Kudritzki (2002) showed that not only W-R, but also
certain O stars are hot enough to produce nebular He II emission.
Brinchmann, Kunth & Durret (2008) claimed that at low metal-
licity the main source of nebular He II emission appears to be O
stars, arguing for less dense stellar winds that can be optically
thin and thus be penetrated by the ionizing photons. However,
the ability of O stars to produce nebular He II emission is still
debated, as some local nebulae do show narrow He II emission
but no they do not seem to contain O stars neither W-R stars
(Kehrig et al. 2011).
Another possibility is that at low metallicity massive
stars rotate fast enough to evolve homogeneously (i.e.,
Meynet & Mader 2007), thus producing higher surface tempera-
tures. However, observational evidence for this scenario has not
been reported so far.
Post-AGB stars are also claimed to be able to produce neb-
ular He II emission (Binette et al. 1994). In this scenario, these
authors demonstrate that 100 million years after a strong burst
of star formation, the dominating source of ionizing photons be-
comes post-AGB stars, and that their combined radiation field
is sufficient to ionize He II. However, even assuming that our
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galaxies are as massive as 1011M⊙, and that all the stellar mass
has been formed during an initial burst of star formation, the
He II luminosities produced by post-AGB stars would be 2–3
orders of magnitude smaller than those observed for our sample.
If the physical process responsible for nebular He II in the
local universe, whatever it turns out to be, is similar to the pro-
cess at work at z∼3, we note that there must have been a strong
increase of the frequency of this phenomenon, or its timescale,
as we observe more than 3% of the global galaxy population at
z∼3 with narrow He II, while this number is much lower at z∼0.
4.6. Other mechanisms
Shocks by supernova driven winds have been pro-
posed by many authors (Taniguchi & Shioya 2000;
Mori, Umemura, &Ferrara 2004) as the possible ionization
source powering the so called Lyα blobs (Steidel et al. 2000).
It is then reasonable to consider whether this mechanism can
be the source of ionization producing the He II emission as
well. However, fast shock models always predict C IV in
emission (Dopita & Sutherland 1996; Allen et al. 2008), with
C IV/He II ratios much higher than those measured for our
sample (0.1 < C IV/He II < 4, depending on the shock
velocity). We can therefore exclude that the bulk of our He II
emitters are powered by supernova winds.
5. Discussion
In the previous sections we reviewed the mechanisms that are
able to produce the very energetic photons (e > 54.4 eV) needed
to ionize He+, and that can power the He II emission, and we
compared what the models of these mechanisms predict with the
properties of our He II emitters.
As we discussed in Sect. 4.1, apart from the three cer-
tain AGN, it is unlikely that the remaining 37 He II emit-
ters are powered by an AGN, as C IV is always undetected
or in absorption (Figs. 2, 3 and 5), while for typical nar-
row line regions it is expected to be in emission and always
stronger than He II (McCarthy 1993; Humphrey et al. 2008).
With a similar argument, we can also exclude that the source
of ionizing photons are the fast winds produced by super-
novae. Similar conclusions (although less robust) were drawn by
Prescott, Dey & Jannuzi (2009) and Scarlata et al. (2009), who
identified Lyα+He II emitters at 1.5 < z < 2.5.
Shapley et al. (2003) presented the stack of 1000 spectra of
galaxies at z ∼ 3, in which they detected a broad He II emission
(FWHM∼ 1500km/s). Because of the broad He II line, and a
clear signature of fast winds (i.e., the C IV P-Cygni profile in
their composite), they interpreted the He II emission as evidence
of a rich W-R population in their sample. More recent studies
have confirmed this claim (Brinchmann, Pettini & Charlot 2008;
Eldridge & Stanway 2012). We saw in Fig. 1 that the composite
of our 277 galaxies at 2 < z < 4.6 is quite similar to the S03
composite, so we could be tempted to draw similar conclusions
about the source of the He II emission.
We saw however that our He II emitters sample is quite het-
erogeneous, with as many objects with narrow He II emission
as with broad. The two families have very different properties:
the narrow He II emitters have weaker low-ionization lines (O I,
C II, and Si II) than the broad ones; the narrow stack shows a red
absorption wing in the C IV line that is not observed at all in the
composite of the broad emitters.
From a direct comparison with modern models of stellar
population synthesis that include the W-R phase (Fig. 12), we
conclude that these models can reproduce, at least qualitatively,
the spectral features of the composite of the broad He II emit-
ters, mixing components of different ages and metallicities.
Conversely, these models can not reproduce the main features
of the narrow stack. Although with the appropriate combination
of metallicity and age we can reproduce the EW of the He II
line, these models always predict a broad He II line and a C IV
P-Cygni line.
Another piece of information comes from the comparison of
the SFR of the galaxies (measured from the SED fitting) and the
He II luminosity. The broad He II emitters do show a positive
correlation, as would be expected for the W-R scenario, assum-
ing that with higher the star formation, there would be more W-R
stars. No correlation at all is observed for the narrow emitters.
Putting all this evidence together, we can say that the prop-
erties of the broad He II emitters can be, at least qualitatively,
explained by the W-R scenario. The narrow emitters, instead,
are a different family for which the W-R scenario does not work,
and thus an alternative explanation is required.
We have identified three main processes which could be the
cause of the He II emission in the spectra with narrow He II
emission: gravitational cooling radiation, PopIII star formation,
and the presence of a peculiar stellar population. As indicated
in Sect. 4.3 the He II luminosities measured from our galax-
ies are compatible with the ones predicted by the model by
Yang et al. (2006); however, we do not see any correlation be-
tween the total SFR of the galaxies and the strength of the He II
line predicted by this model. Moreover, the number density of
He II emitters that we derive is at least two orders of magnitude
smaller than the prediction by Yang et al. (2006). To make mod-
els compatible with our observations would therefore require ei-
ther that all galaxies at these redshifts be He II emitters with
EW∼4A, which is excluded by our observations, or that models
overpredict the number density of He II emitters by more than
two orders of magnitude.
As discussed in Sect. 4.4, all observables for the narrow He II
emitters are compatible with the predictions of a PopIII scenario
(and this hypothesis could also be valid for some of the possible
He II emitter population), if we assume that the star–formation
event is happening in pockets of pristine gas that either survived
at the periphery of the galaxies or has just recently accreted,
hence concerning small volumes and not the full volume of the
galaxies. It is quite striking that the SFRD in PopIII stars that we
derive from these emitters is in broad agreement with the model
by Tornatore, Ferrara & Schneider (2007) at z ∼ 3, the factor of
3 difference between the two indicating that some further adjust-
ments to the model may be necessary.
We also noted in Sect. 4.5 that various classes of objects with
nebular He II emission and no W-R signatures have been iden-
tified in the local Universe. Although no convincing explanation
for the origin of the He II emission has been found so far, these
objects have indeed similar properties to our narrow He II emit-
ters, and we can not exclude that they are all powered by the
same mechanism. The fact that these objects are quite rare in the
local Universe (Kehrig et al. 2011; Shirazi & Brinchmann 2012)
and more frequent in our sample at high redshift (3–5% depend-
ing on the possible He II class, see below) may simply reflect the
evolution of the star–formation rate density of the Universe (that
is at its peak around the median redshift of our galaxies) and the
evolution of the average metallicity of the Universe.
We were only able to compare our results with a small num-
ber of previous studies. Scarlata et al. (2009) found He II emis-
sion connected to an extended Lyα blob at z∼ 2.2. Similarly to
the bulk of our emitters, they did not detect C IV nor N V in
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emission, as expected when the nebular emission is due to AGN
activity. They concluded that the most plausible scenario for the
He II emission is the cooling radiation, that can at the same time
explain the width of the He II line and the lack of other emis-
sion lines. Prescott, Dey & Jannuzi (2009) also found a large
Lyα+He II nebula at z ∼ 1.67. However, they found a rest-frame
EW for the He II line of ∼35Å, much larger than the typical val-
ues of our sample; moreover, they detect C IV in emission in
their spectrum (even though weaker than He II). These two find-
ings suggest that their object is different from the bulk of our
galaxies. In the end, they can not constrain the mechanism pow-
ering the He II emission in their object. Erb et al. (2010) thor-
oughly analyze the UV-optical rest-frame spectrum of a galaxy
at z=2.3, in which they detect the He II line, with a rest-frame
equivalent width EW0=2.7Å. Thanks to their high–resolution
spectroscopy (σV ∼200 km/s), they can study in detail the shape
of the He II line, finding that 75% of the He II flux comes from
a broad component (FWHM∼1000 km/s) and 25% from a nar-
row, unresolved component. While they conclude that the broad
emission probably has a stellar origin (W-R stars), the narrow
emission is indicative of a hard ionizing source, possibly a very
low metallicity star forming region.
To summarize, we have identified a rich population of star
forming galaxies with He II emission: some show a broad He II
emission, and can easily be explained by standard W-R popula-
tions; some have narrow He II emission, and they could be the
high redshift counterparts of the local objects displaying nebu-
lar He II emission. Various mechanisms, more or less plausible,
have been proposed to explain the He II emission in these ob-
jects (see Sect. 4.5), and in this paper we show that PopIII star
formation is another mechanism that can reproduce the proper-
ties of these objects. With the current stellar population models
(especially for the most massive stars and low metallicities) and
with the current observations we are not able to further constrain
the real mechanism.
6. Conclusions
In this paper we have reported the discovery of 39 He II λ1640
emitters, discovered in a sample of 277 VVDS galaxies with 2 <
z < 4.6. Our main findings are the following:
1. We showed that He II emission is a common feature in the
spectra of 2 < z < 4.6 galaxies: 39/277 galaxies (14%) have
He II in emission in their spectra, with EW0 =1 – 7Å . We
also showed that not all of the He II emitters have Lyα in
emission. On the contrary, we report for the first time the
discovery of 17 He II emitters with Lyα line in absorption.
2. The rest-frame EW for the He II line in our spectra is mod-
erate; apart from three AGN, for which we find EW0 ∼15 –
20, we find EW0 ∼1 – 7, similar to the values expected for
PopIII stars, for a continuous episode of star formation in a
zero-metallicity region, assuming a top-heavy IMF, but also
consistent with the EW expected for gas accretion.
3. Apart from the three AGN, we never detect C IV in emis-
sion in the spectra of the He II emitters. In about 30% of the
cases C IV is undetected, and in all the other cases it is in ab-
sorption. We interpret this as evidence that He II emission in
most of our galaxies is not powered by AGN or supernovae
winds.
4. If we isolate the He II emitters with broad He II line
(FWHMobs > 1200km/s), we do observe a correlation be-
tween the SFR of the whole galaxy (measured by fitting the
UV part of the SED) and the He II line luminosity. The com-
posite spectrum of these objects is, at least qualitatively, re-
produced by stellar population synthesis models including
W-R stars. We conclude that for these objects the He II emis-
sion is most likely powered by W-R stars.
5. The radiation produced by gravitational cooling does not
seem to play a role in producing the He II emission in our
sample. For the narrow emitters, we see no correlation be-
tween the global SFR of each galaxy determined from SED
fitting and the luminosity of the He II lines, as would be
expected for this scenario. Moreover, we measured a num-
ber density of He II emitters with LHe II > 1040ergs−1 of
∼ 10−4Mpc−3, while the predictions for the cooling radia-
tion scenario are 2 – 2.5 orders of magnitude higher. This
implies that either these cooling radiation simulations over-
estimate the number density of He II emitters, or that some
mechanism somehow lowers the efficiency of the cooling ra-
diation, which results in fainter He II fluxes.
6. If we assume that the He II emission originates from a PopIII
star forming region and we convert the He II luminosity into
SFR using a simple recipe by Schaerer (2003), we find that
a SFR of 0.1 – 10 M⊙yr−1 is enough to sustain the observed
He flux. The SFR derived from this PopIII hypothesis is al-
ways smaller (by 2 orders of magnitudes on average) than
the global SFR measured from the SED fitting. This im-
plies that the He II emission could originate from a relatively
small volume of pristine gas which could be distributed
around the galaxies, uncontaminated by metal mixing pro-
cesses, and in which PopIII stars are currently forming. On
the other hand, considering that PopIII star formation is pow-
ering the narrow He II emitters, as a conservative lower
limit, we find a SFRD in PopIII stars of 10−6M⊙yr−1Mpc−3,
only 3 times higher than the value predicted at z ∼ 2.5 by
Tornatore, Ferrara & Schneider (2007).
7. The narrow He II population has similar properties to a rare
class of local objects (both individual nebulae and galaxies)
which display nebular He II emission. A clear mechanism for
the origin of the nebular He II line in these objects has yet to
be identified, and we can not exclude that this mechanism is
the low redshift tail of the PopIII star formation observed in
the z∼3 galaxies.
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P. Cassata et al.: He II emitters in VVDS
Fig. 2. Spectra of the reliable He II emitters with narrow He II emission (FWHM< 1000km/s). The grey bands show regions of
the spectra that are contaminated by strong skylines or zero orders. We also report for each galaxy the id, the velocity difference
between the He II and the systemic redshift, the width (FWHM) of the He II line, and the systemic redshift.
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P. Cassata et al.: He II emitters in VVDS
Fig. 3. Spectra of the reliable He II emitters with broad He II emission (FWHM> 1800km/s). The grey bands show regions of
the spectra that are contaminated by strong skylines or zero orders. We also report for each galaxy the id, the velocity difference
between the He II and the systemic redshift, the width (FWHM) of the He II line, and the systemic redshift.
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P. Cassata et al.: He II emitters in VVDS
Fig. 4. Spectra of the AGN with He II emission. The grey bands show regions of the spectra that are contaminated by strong skylines
or zero orders. We also report for each galaxy the id, the velocity difference between the He II and the systemic redshift, the width
(FWHM) of the He II line, and the systemic redshift.
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P. Cassata et al.: He II emitters in VVDS
Fig. 5. Spectra of the possible He II emitters. The grey bands show regions of the spectra that are contaminated by strong skylines
or zero orders. We also report for each galaxy the id, the velocity difference between the He II and the systemic redshift, the width
(FWHM) of the He II line, and the systemic redshift. 19
P. Cassata et al.: He II emitters in VVDS
Fig. 6. Close–up of the region around He II (left side of each sub–figure) and around CIV (right side of each sub–figure) for each of
the narrow He II emitters. In the pairs of panels, the red line shows a Gaussian fit to either He II or CIV. When a single Gaussian is
not enough to reproduce the CIV absorption, we add a second Gaussian in emission (shown in blue); the resulting profile, mimicking
a P-Cygni profile, is shown in green. The number in the right–side panels is the ratio between the flux of the C IV component in
emission and the flux of He II.
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P. Cassata et al.: He II emitters in VVDS
Fig. 7. Close–up of the region around He II (left side of each sub–figure) and around CIV (right side of each sub–figure) for each of
the broad He II emitters. In the pairs of panels, the red line shows a Gaussian fit to either He II or CIV. When a single Gaussian is not
enough to reproduce the CIV absorption, we add a second Gaussian in emission (shown in blue); the resulting profile, mimicking
a P-Cygni profile, is shown in green. The number in the right–side panels is the ratio between the flux of the C IV component in
emission and the flux of He II.
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P. Cassata et al.: He II emitters in VVDS
Fig. 8. Close–up of the region around He II (left side of each sub–figure) and around CIV (right side of each sub–figure) for each of
the probable He II emitters. In the pairs of panels, the red line shows a Gaussian fit to either He II or CIV. When a single Gaussian is
not enough to reproduce the CIV absorption, we add a second Gaussian in emission (shown in blue); the resulting profile, mimicking
a P-Cygni profile, is shown in green. The number in the right–side panels is the ratio between the flux of the C IV component in
emission and the flux of He II.
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P. Cassata et al.: He II emitters in VVDS
Fig. 12. Stack of the individual spectra for the reliable galaxies with narrow He II emission (top), the reliable galaxies with broad
He II emission (middle), and the possible He II emitters (bottom). The blue lines show models obtained combining the predictions
for a burst of star formation by Maraston et al. (2009) with the predictions for a Wolf-Rayet phase by Eldrige & Stanway (2012). As
explained in the text, they are not an attempt of fitting the composite spectra with models, but rather are aimed at comparing some
spectral features in the composite spectra with the models.
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